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Net tubular secretion of bicarbonate by the alligator kidney. Antimam-
malian response to acetazolamide. Net tubular secretion of bicarbonate
by the alligator kidney was demonstrated during acute clearance
experiments where the animals were infused with an isosmotic solution
of one-half 5% mannitol and one-half 0.9% NaCI, Tubular secretion of
bicarbonate averaged 3.38 smo1es/min in animals with a mean wt of 1.0
kg. During these experiments, mean tubular secretion of urate was 0.51
mole/min and urinary ammonia excretion was 4.3 tmoles/min. Uri-
nary pNH3 was high and ranged from 22,231 to 41,223 mm Hg x 10-6.
The administration of acetazolamide 25 mg/kg resulted in abolition of
bicarbonate secretion, which was replaced by bicarbonate reabsorp-
tion. At the same time, the tubular secretion of urate fell by 70% and the
excretion of ammonia fell by 77%. This is the first time that net tubular
secretion of bicarbonate is demonstrated in a living animal. Acetazola-
mide has an antimammalian effect. It is proposed that the alligator that
lives with a low plasma bicarbonate concentration (10 mM) possesses a
kidney in which the renal tubular cells secrete bicarbonate in the tubular
lumen and hydrogen at the peritubular site, in contrast to that which
takes place in mammalia and other animal species.
Sécrétion tubulaire nette de bicarbonates par le rein d'alligator. Une
réponse a l'acétazolamide inverse des mammifères. Une sécrtion
tubulaire nette de bicarbonates par Ic rein d'alligator a été démontrée au
coors d'expériences de clearances aigues dans lesquelles les animaux
etaient perfuses avec une solution iso-osmotique constituée pour moitié
de 5% de mannitol, et pour moitié de 0,9% de chlorure de sodium
(NaCI). La sécrétion tubulaire de bicarbonates était en moyenne de 3,38
moles/min chez des animaux pesant en moyenne 1,0 kg. Au cours de
ces experiences, Ia sCcrétion tubulaire moyenne d'urates Ctait de 0,51
mole/min et l'excrCtion urinaire d'ammoniaque Ctait de 4,3
p.moles/min. pNH3 urinalre était élevé, et était compris entre 22 231 et
41 223 mmHg x 10. L'administration d'acëtazolamide, 25 mg/kg, a
aboli Ia sécrCtion de bicarbonates, qui était remplacCe par une réabsorp-
tion de bicarbonates. En méme temps, Ia sécrétion tubulaire d'urates a
chute de 70%, et l'excrétion d'ammoniaque a chute de 77%. C'est la
premiere fois qu'une sécrétion tubulaire nette de bicarbonates est
démontrCe chez un animal vivant et que l'acétazolamide exerce un effet
oppose a celui chez Ic mammifCre. 11 est propose que l'alligator, qui vit
a une faible concentration plasmatique de bicarbonates (10 mM) pos-
séde un rein dans lequel les cellules tubulaires rCnales sécrCtent des
bicarbonates dans la lumiCre tubulaire et de l'hydrogene au site
péritubulaire, a I'opposé de ce qui se passe chez les mammifères et
d'autres espèces animales.
It is well known that the Mississippiensis Alligator and
Caiman Latirostris excrete a urine that is always alkaline, with
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a pH never below 7.40 [1, 2]. These animals continue to excrete
appreciable amounts of ammonia and this is not in accord with
the phenomenon of non-ionic diffusion [3, 4]. This is all the
more interesting since crocodiles are carnivorous animals [1].
Alligators, therefore, do not behave like mammalia, which
excrete ammonia in an acid urine [4, 5]. Also, the chicken [6]
and other reptiles, such as the snake, can acidify their urine [7].
Perhaps amphibia, like some frogs, are different since they can
excrete ammonia at higher urinary pH [8] than the mammalia.
Rabbits, herbivorous animals, can excrete an alkaline urine, but
bicarbonate reabsorption remains operative [9].
It has been demonstrated in this laboratory that alligators can
live in a state of low plasma bicarbonate concentration [2]. It is
tempting to attribute this phenomenon to continuous excretion
of bicarbonate in the urine without adequate regeneration by
the kidney [2]. It has been proposed that the renal tubules of the
alligator secrete ammonium bicarbonate [10]. This has never
been well demonstrated. In the present study, we show that the
alligator kidney can secrete bicarbonate ions during acute
clearance experiments, We also show that acetazolamide, an
inhibitor of carbonic anhydrase, has an antimammalian effect
on the alligator kidney, with a fall in urinary pH as well as in
ammonium and uric acid excretion. We propose that the
alligator kidney functions in a manner that is contrary to that of
the mammalian kidney and of other reptiles. This proposition
permits us to explain all observations, including the low plasma
bicarbonate concentration.
Methods
Experiments were performed on 17 Alligator Mississippiensis
weighing between 0.79 and 1.39 kg. The animals were imported
from Louisiana and kept indoors in a specially built tank
equipped with a heater and circulating water at 30°C, which was
changed every 3 days as reported previously [2]. The ambient
room temperature was kept near 30°C. Experiments were
performed in all seasons, but always under the same tempera-
ture conditions. The animals were fed with fresh fish twice or 3
times a week as described already [2].
Before the experiments, the animals were kept fasting for at
least 72 hrs. One the day of the experiments, they were
anesthetized with pentobarbital 20 to 30 mg/kg given intraperi-
toneally. Both jugular veins were dissected, one for the admin-
istration of fluids and one to obtain blood samples. In all
experiments, the animals were infused with an isosmotic solu-
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tion of one-half 0.9% saline and one-half 5% mannitol at the rate
of 1.0 mi/mm with a Buehler Polystaltic pump. Urine was
collected during 30-mm periods. In some experiments, the
infusion of mannitol-saline was stopped after three 30-mm
collections of urine. The latter was collected under mineral oil
from a glass catheter inserted in the cloaca and connected to
Tygon tubing under free-flow conditions.
In six experiments, the animals were given acetazolamide
(Diamox) as a bolus of 25 mg/kg and, at the same time,
acetazolamide 25 mg/kg was added to the infusion solution. In
these experiments, after two control periods, six 30-mm collec-
tions of urine were obtained so that infusion of mannitol-saline
was continued during 240 mm.
Glomerular filtration rate was measured by inulin clearance
using either '4C-inulin or 3H-inulin. Methoxy-inulin was used
when '4C urate was added to the solution to measure the
production of uric acid by the kidney according to the method
of Chin and Quebbemann [11].
All experiments were performed at 30°C and the measure-
ment of blood, plasma and urine pH, pCO2, and bicarbonate
were performed at the same temperature. Total plasma and
urine CO2 were also measured with a Natelson microgaso-
meter. The concentration of bicarbonate in blood and urine was
calculated from the Henderson-Hasselbalch equation using pH
and pCO2 or pH and total CO2 [2]. The influence of ionic
strength was taken into consideration as in previous studies
from this laboratory [12—161. All the techniques used in these
experiments, including the calculation of pNH3, were reported
previously [2, 17]. Urate was measured both by enzymatic and
colorimetric techniques [18, 19].
Net tubular secretion of bicarbonate was taken as bicarbon-
ate excretion (UHCO3-V) minus filtered bicarbonate (plasma
HCO3 x GFR). Data are expressed as moles/min. Bicarbon-
ate reabsorption took place when UFICO3-V was less than
plasma HCO3 x GFR. Plasma protein concentration in the
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Fig. 1. Net tubular secretion of bicarbonate in 12 alligators. The effect
of acetazolamide (reabsorption) in six alligators.
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Fig. 2. Net tubular secretion of urate in 12 alligators. The effect of
acetazolamide in six animals.
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Fig. 3. Urinary excretion of ammonia in 12 alligators. The effect of
acetazolamide in six animals.
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Table 1. Tubular secretion of bicarbonate and urate by the alligator kidney. The effect of diamox (alligator no. 40, wt 1.09 kg)
Urine Urine Blood Plasma Filtered
GFR Urine pCO2 flow Blood pCO2 HCO3 HC03 UHCO3-V
mi/mm pH mm Hg mi/mm pH mm Hg jxmoies/mi imoies/min pmoies/min
Secreted
HCO3-
/2moies/min
Infusing one-half mannitol 5% and one-hall NaCI 0.9% at 1.0 mI/mm
0.23 7.62 33 0.160 7.05 35 9.39 2.16 5.40
0.23 7.56 38 0.210 6.98 43 9.82 2.26 7.11
Begin acetazolamide
3.24
4.85
Time, mm
Oto3O
30 to 60
60
60 to 90
90 to 120
120 to 150
150 to 180
180 to 210
210 to 240
0.29 7.39 30 0.263 6.95 41 8.74 2.53 4.75
0.28 7.02 32 0.355 6.98 47 10.73 3.00 2.92
0.22 6.89 33 0.333 6.97 45 10.04 2.81 1.98
0,29 6.86 34 0.310 6.96 46 10.04 2.91 1.88
0.25 6.85 37 0.317 6.99 47 10.99 2.75 2.04
0.26 6.75 38 0.309 6.97 45 10.04 2.61 1.62
2.22
—
—
—
—
—
Table 2. Plasma values and electrolyte excretion by the alligator kidney (alligator no. 40, wt 1.09 kg)
Plasma Plasma Plasma
lactate phosphate UV Na UN*V
moles/mI iLmoles/mi i.moie/min /.Lmoies/mi Mmoles/min
PlasmaK
jmoles/ml
Infusing one-hall mannitol 5% and one-hall NaCl 0.9% at 1,0 mlimin
4.0 1.2 0.45 129 0.8
— 1.1 0.40 128 3.6
Begin acetazolamide
3.7
3.5
Time, mm
0 to 30
30 to 60
60
60 to 90
9Oto 120
120 to 150
150 to 180
180 to 210
210 to 240
4.2 1.2 0.47 129 5.8
— 1.1 0.60 127 14.9
3.8 1.2 0.57 124 18.6
1.1 0.53 124 20.2
3.6 1.3 0.60 123 20.0
— 1.1 0.59 123 18.5
3.4
3.5
3.6
3.5
3.4
3.5
alligators was 4.5 gldl, and a Donnan factor of 1.05 was used to
correct plasma bicarbonate concentration [13, 20].
In five experiments, the animals were infused with sodium
bicarbonate 0.3 M to elevate plasma bicarbonate from 10 to
around 30 mM.
Carbonic anhydrase activity was measured by the technique
of Philpot and Philpot [21] in erythrocytes, stomach, kidney,
and liver. The data were calculated according to Maren,
Parcell, and Malik [22].
Statistics
Paired and unpaired t test was used according to the data to
be compared. All reported values are means SEM. A P value
of less than 0.05 was considered significant.
Results
In all experiments, during the infusion of mannitol and saline,
we could demonstrate net secretion of bicarbonate. Mean value
was 3.38 0.414 tmoles/min. This is shown in Figure 1.
Excretion of bicarbonate averaged 6.33 0.482 moles/min.
Glomerular filtration rate did not vary and averaged 0.252
0.021 mI/mm/kg. Mean urinary pH was 7.60 0.021. Net urate
secretion averaged 0.51 0.022 smole/min. This is shown in
Figure 2. Mean urinary excretion of ammonia was 4.3 0.33
prnoles/min (Fig. 3). Urinary pNH3 varied from 22,231 to
41,223 mm Hg x 10—6.
During the first 30-mm period, urinary excretion of sodium
was low, averaging 2.44 0.22 xmoles/min, while potassium
excretion averaged 0.16 0.09 mole/min. Chloride excretion
was also very low at 0.89 0.11 p.mole/min. During the next
periods, sodium excretion rose and could reach 20 xmoles/min,
while chloride excretion also rose to reach similar values.
Potassium excretion did not increase significantly.
In the blood, pH was 7.07 0.113 with a pCO2 of 34.6 5.87
mm Hg and plasma bicarbonate of 10.2 3.7 m. Plasma urate
averaged 0.06 0.004 m and lactate 4.1 1.36 m. Plasma
sodium was 128 6.6 m, potassium 3.3 0.51 m, and
chloride 107.0 7.5 mrs. During the infusion of mannitol-
saline, plasma sodium fell to 123 m and plasma chloride to 100
m, while pH bicarbonate, potassium, lactate, and urate did
not change. Venous pNH3 remained stable at 20 mm Hg x 10—6
and blood ammonia did not change and remained around 0.05
pmIml.
During the administration of acetazolamide, urinary pH fell in
all experiments, from a mean of 7.60 to 6.81. At the same time,
the excretion of bicarbonate fell dramatically so that net secre-
tion was transformed into net reabsorption. The latter attained
a mean value of 1.15 0.13 tmoles/min. This is shown in
Figure 1. This phenomenon was accompanied by an important
fall in the secretion of urate, which reached 0.15 mole/min as
shown in Figure 2. The excretion of ammonia fell markedly
from 4.3 0.34 to 1.9 0.46 smoles/min (Fig. 3). Mean pNH3
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Table 1. Continued
Reabsorbed Plasma Filtered Secreted Urate
HC03
j.moles/min
UNH4+V Urinary pNH3/.Lmoles/min mm Hg x 1O
urate urate UurateV
psnole/ml mole/min pmole/min
urate
jimole/min
clearance
mi/mm CUR/CIN CHco-/CJN
— 4,13 24,360 0.06 0.014 0.24 0.226 4.00 17.4 2.52
— 5.17 20,230 0.06 0.014 0.27 0.256 4.50 19.6 3.13
— 2.74 5,782 0.05 0.015 0.19 0.175 3.80 13.1 1.87
0.08 3.59 2,395 0.05 0.014 0.20 0.186 4.00 14.3 0.96
0.83 2.43 1,226 0.06 0.017 0.16 0.143 2.67 9.5 0.91
1.03 2.29 1,214 0.06 0.017 0.12 0.103 2.00 6.9 0.66
0.71 1.74 822 0.07 0.018 0.11 0.092 1.57 6.3 0.76
0.99 1.27 522 0.06 0.016 0.11 0.094 1.83 7.0 0.62
Table 2. Continued
•
UK+V Plasma Cl —
Plasma
U1-V osmolality
Urine
osmolality Hematocrit
smoles/min moles/m1 moles/min mOsm/kg mOsmIkg %
0.3 110 0.6 275 153 21
0.3 107 4.2 — 160 20
0.4 108 6.6 268 165 16
0.6 106 13.9 — 180 14
0.8 104 16.7 268 195 14
1.1 100 18.3 — 198 12
1.3 100 19.0 267 194 14
1.4 101 17.9 — 182 14
in the urine fell from 22,000 to 1,350 mm Hg x 106. This was Bicarbonate secretion fell following acetazolamide and was
due to the fall in urinary pH and ammonia concentration. The replaced by reabsorption with a fall in urine pH. At the same
excretion of sodium rose, as well as that of chloride and time, urate secretion fell significantly and the excretion of
potassium. ammonia fell from 4.65 to 1.27 tmoles/min (Table 1). As can be
A representative experiment is shown in Tables 1 and 2. seen in Table 2, the excretion of sodium rose in the same
Lumen Basolateral Lumen
H HHCO3
U rate
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Fig. 4. Proposed scheme to explain net tubular secretion of bicarbonate by the alligator kidney (left panel). Comparison with conventional scheme
for acidification of the urine by the mammalian kidney (right panel).
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fashion as chloride. Potassium excretion increased slightly.
Excretion of phosphate did not change.
In the five additional experiments where sodium bicarbonate
0.3 M was infused, bicarbonate secretion increased progres-
sively. It could reach 18.4 moles/min when plasma bicarbon-
ate attained 30 mr.i. It is of interest that ammonia excretion also
rose and could reach 11.4 &moles/min. The secretion of urate
was either unaffected or had a tendency to decrease.
In some experiments, the contribution of the kidney to total
excretion or urate was determined using 2-'4C-urate [11]. The
results indicate that 17% of excreted urate was produced by the
kidney. This value was not influenced by the administration of
acetazolamide.
The highest value for carbonic anhydrase activity was found
in the blood with 130 enzyme units per gram. The lowest
activity was found in the kidney, with a value of 32 enzyme
units per gram. The stomach gave a value of 105 and the liver of
70 enzyme units per gram of tissue. These values were abol-
ished by acetazolamide.
Discussion
In the present study, we demonstrate that the alligator kidney
is capable of secreting bicarbonate during clearance studies.
This is remarkable since the alligator, to our knowledge, is the
only animal in which such a phenomenon can be shown. Other
reptiles, including the snake, can acidify their urine [7]. Al-
though the alligator is a carnivorous animal, it continually
excretes an alkaline urine, with significant amount of bicarbon-
ate. It does this in spite of the fact that extracellular concentra-
tion of bicarbonate is low, around 10 m, a situation which
should encourage the excretion of an acid urine. Among other
species, perhaps some types of frogs, like Rana Catesbiana,
can excrete an alkaline urine on many occasions [8]. However,
in this animal, plasma bicarbonate is around 20 m, and net
secretion of bicarbonate has never been demonstrated. In fact,
we have shown in this laboratory that Rana Catesbiana can
lower its urinary pH under the influence of an acid load and
increase its ammonium excretion [23].
The presence of carbonic anhydrase in the alligator kidney
must play a role. However, its action must differ from that
observed in the mammalian kidney where its inhibition with
acetazolamide permits the excretion of an alkaline urine with
bicarbonate [24]. However, in spite of acetazolamide [12] or
bicarbonate loading [20, 25], it is impossible to demonstrate net
tubular secretion of bicarbonate, and appropriate calculations
reveal continued reabsorption of bicarbonate with only a 25%
depression with acetazolamide [12, 15].
In our experiments, it is unlikely that secretion of bicarbonate
was influenced by expansion of extracellular fluid compart-
ment. Such expansion is known to affect bicarbonate excretion
[26, 27]. There is no doubt that expansion of extracellular fluid
was present at the end of our experiments. However, net
tubular secretion of bicarbonate could already be demonstrated
at the beginning of each experiment, before any significant
increase in extracellular volume developed. The ratio bicarbon-
ate clearance over inulin clearance (CHC03- CIN) averaged 2.26
0.18 and fell to 0.50 0.03 following acetazolamide. It did
not rise above 2.30 following sodium bicarbonate infusion.
We wish to propose as shown in Figure 4 that the renal
tubular cell of the alligator kidney behaves in a fashion that is
opposite to that of the mammalian kidney and of other species
[6, 28, 29]. According to our view, hydrogen ions are secreted
in the peritubular blood at the basolateral site. This would
explain the acid blood pH and the low plasma bicarbonate
concentration. Bicarbonate would accumulate in the luminal
compartment of the cell and would be secreted in the tubular
lumen. One could be dealing with an anion (bicarbonate) pump
at the luminal site and with a proton pump at the basolateral
site. The present study does not permit to consider if we are
dealing with neutral ion exchanges or with electrogenic proces-
ses [28]. In fact, bicarbonate transfer in the tubular lumen could
be the result of diffusion from an intracellular gradient. It is of
interest that very recent work indicates that cells of the collect-
ing tubules from mammals like the rabbit can secrete HC03
and that two types of cells may coexist, some secreting hydro-
gen and some secreting bicarbonate at the luminal site, all in
exchange for chloride [30]. The latter cells could act in the same
way as the tubular alligator cells, with secretion of hydrogen at
the basolateral site as depicted in our scheme. Secretion of
bicarbonate by rabbit cortical collecting tubules [31] and by the
turtle bladder [32] has already been demonstrated.9
The low plasma bicarbonate and low blood pH found in our
alligators at all times is not, in our opinion, an abnormal state,
and it reflects the acid-base status of animals kept at all times
under the same conditions at 30°C [2]. In spite of the long
discussion by Howell and Rahn on blood pH and temperature in
reptiles [33], a recent study from this laboratory has shown that
blood pH was not different at 30°C or 37°C [2].
It is evident that the glomerular filtrate pH is the same as that
of blood as it penetrates the alligator nephron. We do not know
in what segment of the nephron the urine becomes alkaline
following the addition of bicarbonate by the renal tubular cells.
We like to think that this takes place early in the proximal
tubule, in view of the relationship with the excretion of ammo-
nia and the secretion of urate.
We have established that the excretion of bicarbonate by the
alligator is independent of the excretion of sodium. We also
demonstrate that the alligator kidney can conserve sodium
under conditions of life in fresh water and that it can excrete a
sodium load when the animal is given sodium as in the present
experiments. Thus, the alligator kidney is perfectly capable of
controlling its sodium excretion in accordance with environ-
mental conditions. The possible role of the cloaca [34] cannot
be invoked in our experiments, which were performed under
free-flow conditions with continuous release of urine through
the glass catheter.
It is well known that the alligator kidney excretes consider-
able amounts of ammonia in an alkaline urine [1, 21. This is
contrary to the law of non-ionic diffusion, which is considered
to play an important role in the excretion of ammonia by the
mammalian kidney and by the kidney of other species [3, 4, 6].
We have demonstrated that the alligator kidney is perfectly
equipped to manufacture ammonia from glutamine and alanine,
and that it can produce glucose from these substrates [2]. The
excretion of ammonia in the alligator appears to be closely
related to the excretion of bicarbonate. This was confirmed by
our studies with bicarbonate loading. It has been proposed that
ammonia is secreted by the renal tubular cell in the form of
ammonium bicarbonate (NH4HCO3) [10]. This could very well
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be true, but such a mechanism necessitates a limitation to the
back-diffusion of NH3 from the tubular lumen to the renal
tubular cell. The partial pressure of ammonia (pNH3) in the
urine of the alligator is very high. This could mean that intracel-
lular pNH3 is also very high at the luminal border of the cell, and
that it acts as driving force for the secretion of ammonia and the
prevention of back-diffrision along the nephron.
If the pH of the renal tubular cell is higher than that of
glomerular filtrate, then all the ammonia recovered in the urine of
the affigator could be derived from the mechanism of non-ionic
diffusion [3, 4]. Such a mechanism, however, requires a barrier
against back diffusion further down the nephron, when the tubular
fluid becomes alkaline. Furthermore, this mechanism appears
unlikely, in view of our findings with acetazolamide.
The effect of acetazolamide on the alligator kidney is quite
surprising. This action is opposite to what is observed in
various mammals and other species [12, 24, 29]. If carbonic
anhydrase activity is important in the basolateral compartment,
then its inhibition by acetazolamide would stop secretion of
hydrogen in the peritubular blood and allow an increase in the
concentration of extracellular bicarbonate. It is of interest that
such an effect has been observed by some investigators [35, 36]
who claimed the acetazolamide could induce some degree of
metabolic alkalosis in the alligator. Acetazolamide inhibits the
reaction:
OH- + CO2 -* HC03
It is of interest that such a reaction has been described for the
alkaline gland of the skate [37] and for the pancreas of the dog
[38, 391. It has been suggested that the rise in plasma bicarbon-
ate following acetazolamide in the alligator is associated with a
rejection of chloride in the urine [35, 36]. In the present
experiments, we could not establish a relationship between the
administration of acetazolamide and the excretion of chloride.
This is best explained by the administration of sodium chloride,
which was associated with a progressive rise in the excretion of
sodium and chloride.
Acetazolamide could block hydrogen secretion at the
peritubular site, especially if carbonic anhydrase is located in
the basolateral membrane. A rise in intracellular pH of canine
tubular cells has been reported with acetazolamide [40, 41]. In
the alligator, this could favor the exit of bicarbonate in the
peritubular blood. The cell interior would become acid and
permit secretion of hydrogen at the luminal site. This would
explain reabsorption of filtered bicarbonate under the influence
of acetazolamide, as observed in our experiments.
Alligators are uricotelic animals [42], and net secretion of
urate can easily be demonstrated, as in the snake [43]. How
acetazolamide can inhibit such secretion is not clear, unless
urate and bicarbonate transport in the tubular lumen is closely
associated with the secretion of ammonia in the nephron. This
could be an active process in the proximal tubule [43], and the
formation of ammonium urate in the alligator kidney has been
suggested [42]. However, it should be underscored that the
endogenous production of urate by the alligator kidney was not
modified by acetazolamide. The value of 17% of urate excreted
that is produced by the kidney is reminiscent of the value found
in the chicken by ourselves [6] and other investigators [11].
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